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Superconducting

Magnet Division

Conventional Approach:

* Fix design parameters as soon as possible.

Alternate Approach:

* Develop a flexible design that can accommodate variation
in parts, etc.

* It also allows variations in design (for example, as
requested by accelerator physicists)

« It assures a good field quality during the production while
maintaining the schedule and cost.
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Superconducting

Magnet Division

Another Related Subject

* Some time, it is more efficient to find ways make small
adjustments, then to iterate the original design to achieve the
desired field quality.

* Moreover, in magnets that require very high field quality,
some adjustments or tuning may be essential to overcome the
errors due to tolerances in parts and manufacturing.

* Developing a magnet design that allows such adjustments is
more likely to achieve desired field quality and may also be
more cost-effective, in overall sense.
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R OOKHANEN. | Feedback in design from HERA experience:

The Real Magnet Vs. Paper Design

Superconducting
Magnet Division

Note: Integral B.dl

Note: Sextupole
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Figure 5.5: (a) Field integral of all HERA dipoles, normalized to coil current. (b) Integrated L 7
gradient of all quadrupoles, normalized to coil current (Briick et al. 1991). B e

0 2 4 6 810121116

» Parameters do deviate from nominal value. order n —e=

« [t takes time to locate the cause of the problem and then fix it (conventionally that included
a cross section iteration). Takes too long and the magnet production can not stop.
* An alternate design strategy accommodate such variations.

* Make a flexible design that assures good field quality despite such deviations.
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Superconducting
Magnet Division

Feedback in design from HERA experience
A Method to Adjust Integral Field and Skew Quad

Kamal Al Carse Hamal
B Opake By Enty
Flgure £3.11 & emespinal dgram br eorxethng the ntegral o har
manle and ntegral tranef= fnetim n & sopereondneting dipole magmet
The proposed aijnstment 3 applead In the and zoglm of the magnet The
- il L atinal rarthng polnt wonld be somewhe=e 3o the dipals hodp wheres the
IZI-_l I_-|:| fedd W stll high In the normal case {top fgore) the change hetwe=n the
Bty Opake Bady Ency magne=tl low earbon mieel hmbnatlone dark or Alled] and non-magnethe
stanlan stee] lamima e 1ht or empty] oemm at & nomimel loeatim
P — Imerhang!ng the rialnlm riee] and low arbon stes]l vmnatlone hetwe=
top and hotiom Ialees {n=eond fgmre) outes an @ which can he nmed ta
eqmpensats the meaaned o; 1o a magn=_ Ineecasing the number of o
+F +Fom Mo earhon sies] magnetle lamime tlom Inereancs the ntegral tranefer fnneim
| I | I | | (thrd fgure) Anadueiment (deerease) In both o and Integral {amefer
Ft ok Btk et Fmetion ean he obtalned togethe by mizing the two sehemes b the mome
mapneat {hottom Agne=).
TF -l d -TF e a
I::| Opake By Enty

Iron laminations were successfully used in RHIC to adjust transfer function
saturation in different length magnets and to control skew quad in main dipoles.
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varionat tasoraior What happens in a typical first magnet?
Superconducting
Magnet Division

1. Pre-stress (and/or effective cable thickness) is not right by a significant amount. An
attempt to get right compression messes up field quality.

2. Higher order harmonics are OK but lower order are not (generally first two).

» Need 1+2 = 3 parameters to fix the above three quantities.

But usually we are almost there: measured harmonics are 10~ instead of required 10 .
And corresponding relative mechanical errors are small as compared to
the overall coil dimensions.

What is generally done?

Change cross-section (change wedges, cable size, coil tooling, etc.) which makes
mechanical changes relatively large. As a result the process becomes time consuming
and expensive and due to a large change it does not always converge in one iteration.
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nationaL taBorAToRY | What was done in RHIC Insertion dipoles?

Superconducting
Magnet Division

Approach used in RHIC insertion dipoles for faster progress
(Goal: attempt to make the first magnet itself a field quality magnet):

* A flexible design (opposite to fixing parameters ASAP).
» Geometric: midplane caps, pole shims and wedge insulation.
 Saturation control: Holes in the iron, later filled with 1ron rods.

Moke up model showed wrong pre-stress and harmonics, as usual.

> Fixed in the first magnet assembly itself and obtain the desired
pre-stress and small body harmonics.

» Used the adjustments (as planned and outlined above). The above
adjustments were further used in later magnets for compensating end
harmonics and for reducing measured current dependence (saturation-

induced) in harmonics.

» The above adjustments are faster and cheaper than normal cross-section
iterations. The coil cross-section was specified before the first magnet was

tested and was never changed during production.
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Superconducting

Magnet Division

Design Philosophy: g‘/ﬁ @

* Start out a design from the beginning itself,

that allows significant adjustability for field %

harmonics and mechanical parameters (cable Insulation
thickness, wedges, etc.). ‘_

* A flexible design is generally economical, “\

efficient and produces magnets with better T E::T_::i
performance. I think it’s a prudent approach. S midplane

Geometric: Start with a larger than required shim and midplane cap. Then adjust
it, as required without changing the cross-section of the cured coil. One can also
adjust the layers of wedge/cable insulation, if needed. These three parameters can
adjust, first two allowed harmonics and pre-stress or cable insulation. This
approach was used extensively in various RHIC magnets.
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Superconducting

RHIC 100 mm Aperture Insertion Dipole:
The first magnet gets the body harmonics right

Magnet Division

Geometric Field Errors on the X-axis of DRZ101 Body

First magnet and first attempt in RHIC 100 mm aperture insertion dipole
A number of things were done in the test assembly to get pre-stress & harmonics right

Harmonics at 2 kA (mostly geometric).

Measured in 0.23 m long straigth section.
Field Error Profile on the midplane at an Intermediate Field . : g 9 '
5.E-04
4.E-04 Reference radius = 31 mm
3.E-04 ™
2 E04 N b1 -0.39 a2 -1.06
o 1E04 _ b2 -0.39 a3 -0.19
E;‘ 0.E+00 b3 -0.07 a4 0.21
m -1.E-04 b4 0.78 ab 0.05
© 2E04 b5 -0.05 a6 -0.20
S3.E04 b6 0.13 a7 0.02
4.E-04 b7 -0.03 a8 -20.16
£ ‘ | b8 0.14 9 0.01
-80 -60 -40 -20 0 20 40 60 80 : a —
Percentage of Coil Radius b9 0.02 a10 0.01
b10 -0.04 a1l -0.06
b11 0.03 al12 -0.01
Note: Field errors are within 10 at 60% of coil radius and ~4*10* at 80% radius. b12 0.16 a13 0.06
b13 -0.03 al4 0.03
b14 -0.10 al15 0.02

Later magnets had adjustments for integral field and saturation control.

All harmonics are within or close

The coil cross-section never changed.

to one sigma of RHIC arc dipoles.
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Superconducting
Magnet Division

Basic Analysis:

A thicker cable makes bigger coils, as measured outside the magnet
(though coil size can be controlled by adjusting curing pressure).
However, inside the magnet, the collars determine the coil geometry.

Cable thickness has a major impact on the pre-stress on coils.

But to a first order, 1t does not have a major impact on field errors
for a reasonable deviations in insulated cable thickness (the pre-
stress variation will become a bigger issue before the harmonics).

Rapid variations in cable thickness are averaged out over a large

Y5 number of turns and over the length of magnet.

s S N TAPERED

The location of midplane determines skew harmonics.

Though the overall cavity is well defined by collars, the

s wee location of coil midplane is not. It is determined by the

/ , relative size of upper and lower coils. If coils are matched,
STANLESS STEEL a the coil midplane and the magnet midplane will also match.

LAMINATED COLLAR
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SO, The RHIC IR Quadrupoles

Superconducting (A Flexible Design from the Beginning)
Magnet Division

Practical Challenges:

Rectangular

Started out with ~ 1 mil (25 um) uncertainty in
insulated cable thickness.

e Total ~27 mils (order of magnitude more than the
typical 2 mil) in overall coil dimensions for 27 turns.

e Conventional Approach : Fix cable first.

e Alternate Approach :

A field quality design that can absorb this.

= Developed a design in which all of the difference Coil Cross section
was absorbed in a rectangular wedge! of the 130 mm aperture
— No change in pole angle means: RHIC insertion quadrupole

® No change in coil curing press
® No change in collar/spacer

® No change in first allowed harmonic (bs)
USPAS Course on Superconducting Accelerator Magnets, June 23-27, 2003 Slide No. 11 of Lecture 6 Ramesh Gupta, BNL
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Superconducting
Magnet Division

Different Size Cable (within spec)
from Two Different Vendors

Specifications : +/- 0.25 mil (6.5 micron); 0.5 mil variation (13 micron)

Two vendors gave cable
which differ systematically

Cable Mid-Thickness Vs CablelD (36-sd OST Cable used for Q1 Coils)

%46-0 N [ s S B B B N IR N ENE  EY SR § R Y B
(but within specifications) & w0 - -
by ~ 035 mll g o8 j=,§<.><_>§<. ___________________________________________ B
Doasr | XX « . -
(however, had a small RMS) 27 Kk . X b % QL cadle  spee:ussias ]
2 458 £ X X %&é&% X % x |
E X PR
\2345‘5 - — - - - RESE ) % - - -x;(—x—--—
27 turns => 9 mil (0.24 mm)  §.. [ ) m;& S -
1 £ X °
much larger than desired. Do b R o g s :
42% w2 |- @ 4— 0% Cable i
3
A flexible design g
. £ 450 SN NS X R (N VI (N N UNSUR NS S (S HE NS T S
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CablelD
X Q) Cable
e Q2 Cablk
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o, Flexible Design
Superconducting | (Adjustment in bs During Production in Q1)

Magnet Division

Design Changes/Adjustments During Production

N

=IO OINOTW
|

-—

S o

Sbs (at 40 mm)

' Design#2
'3 1 1 1 T

102 104 106 108 110 112 114 116 118 120 122 124 126 128
Magnet Number

—~&8—— b5 Errors before Tuning Shims - - - - - - b5 Errors after Tuning Shims
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NATIONAL LABORATORY Impor‘*ance Of Field QUG'iTY in
Superconducting

e RHIC Interaction Region Quad

Compare the beam size versus magnet aperture in RHIC
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Ratio of Aperture Size (IR/ARC) ~ 1-7 Major Difference
Ratio of Beam Size (IR/ARC) ~7

A good field quality is needed in arc dipoles for injection & acceleration.

However, the ultimate RHIC luminosity performance is
determined primarily by the field quality in "IR Quads" !

USPAS Course on Superconducting Accelerator Magnets, June 23-27, 2003
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Uit vkt Expected Field Quality in
Superconducting Superconducting Magnets

Magnet Division

The field quality 1n interaction region magnets may significantly influence the
ultimate luminosity performance of modern high energy collider such as RHIC.

The field quality in any magnet depends on:
*The design

*The errors in parts used (practical tolerances)
*The Manufacturing process

In most magnet, they produce a cumulative errors of 25-50 micron

These mechanical errors translates to a relative field errors of 104,

'] To overcome, these basic magnet, manufacturing errors, one must apply
correction after construction.

1 The RHIC Tuning shim method, reduces the field errors to a few parts in 10-.
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BROOKHRVEN Basic Principle of
superconducting | Harmonic Correction by Tuning Shim

Magnet Division

 If a magnetic material (shim) is placed in the aperture of the
magnet, it will get magnetized.

* This will distort the field. The distortion from the nominal field
can be expressed in terms of harmonic coefficients.

e Use these harmonics to cancel out the measured harmonics.

* A properly chosen size and location of “»” magnetic shims can
compensate “n” non-zero measured harmonic coefficients.
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NATIONAL LABORATORY Advan"‘age Of Tunlng Sh|ms
Superconducting
Magnet Division

 The tuning shims achieve field quality in superconducting magnets
significantly better than what 1s expected from normal manufacturing errors.

 They are relatively easy to implement.

 They correct the field errors in the magnets, where it is and therefore may
be more efficient than the global and lumped corrector. This difference is
important in low beta optics where the beam size changes rapidly in the
interaction region.

» Lower field error may reduce the coil aperture, which in turn may increase
the field gradient for a given maximum field in the coil.

* For best efficiency, the tuning shim should be considered as an integral part
of the design and should be incorporated from the beginning. Since the
maximum luminosity 1s desired at the top energy, the shim should be tuned at

that field.
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Superconducting
Magnet Division

Harmonic Correction As A Function
Of Tuning Shim Thickness

These are the chan
case for each shim

ges in harmonics relative to the "no shim" or "zero iron thickness"
. The eight symbols represent the measurements for the eight

tuning shim locations and eight lines are the calculations for these locations.
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Ty AT ToR: Tuning Shims for 10-° Field
Superconducting Quality at 2/3 of coil radius

Magnet Division

GOAL : Make field errors in magnets much smaller than that is possible from the normal tolerances.

Basic Principle of Tuning Shims:

Magnetized iron shims modify the magnet harmonics.
Eight measured harmonics are corrected by adjusting the amount of iron in eight Tuning Shims.

Procedure for using tuning shims in a magnet:

1. Measure field harmonics in a magnet.

2. Determine the composition of magnetic iron (and
remaining non-magnetic brass) for each of the eight tuning
shim. In general it would be different for each shim and for

Tuning Shim

dfoe — each magnet.
i 3. Install tuning shims. The tuning shims are inserted
col without opening the magnet (if the magnet is opened and
s e re-assembled again, the field harmonics may get changed

i by a small but a significant amount).

TUNING
SHIM

EhiThenc 4. Measure harmonics after tuning shims for confirmation.

QUADRUPCLE LOADING FLAT

ELECTRICAL

BUS SLOT SURVEY NOTCH
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Field Quality Improvements with Tuning Shims
(Normal Harmonics)

Superconducting
Magnet Division e a e s
g Mean Standard beviations
10.00 s
100, : , LOG SCALE |
Before Shim (W) Before Shim (W)
— 6— Befor Shim(W) |—— —o—Befor Shim(W) |
0.50 Ly : — Pt _x i -
\ X— After Shim (W) | X— After Shim (W)
= g \ &= A fter Shim (5kA) | —— £ 1.00 9\&\ After Shim (5kA) | ——
£ \ £ N />K ter Shim (5kA) |——
o \. o
< et <
D N - B M
« N 2
v 0.50 A % 0.10 X ~.
' After Shim (5 kA) e —
X A—2
-1.00 After Shim (5 kA)
2 3 4 5 6 7 8 9 0-01 I I I I I I
2 3 4 5 6 7 8
Harmonic Number (b,)
Harmonic Number (b )
<b,> (n=2 is sextupole) o(bn)
n Befor Shim(W) | After Shim (W) After Shim (5kA) |Befor Shim(W) | After Shim (W) After Shim (5kA)
2 0.41 0.01 0.05 1.74 0.41 0.56
3 0.87 -0.76 0.08 1.19 0.60 0.49
4 0.06 0.03 -0.17 0.42 0.20 0.27
5 -0.07 0.00 0.05 0.78 0.78 0.36
6 0.01 0.05 0.05 0.1 0.21 0.18
7 -0.26 -0.07 -0.14 0.04 0.17 0.14
8 0.00 0.01 0.04 0.03 0.04 0.06
9 -0.03 -0.30 -0.14 0.17 0.18 0.19
D11dC€ INO. ZU OI LECturc o
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Superconducting

The best in field quality with tuning shims
A few parts in 10-° at 2/3 of coil radius

Magnet Division

Field Quality in RHIC Insertion Quadrupoles
Improvements in field errors with tuning shims:

Summary of field quality in QRK magnets

(With Shims: only magnets since the sextant test included) 1.00
Harmonics in units at 40 mm (0.615 X coil radius) Before Shim
<b,> (n=3:Sextupole) o (bn)
L3

n  |No Shims|Shims (W)]Shims (5kA)| No Shims [Shims (W) Shims (5kA)

17 Magnets|10 Magnets| 8 Magnets [17 Magnets|10 Magnets| 8 Magnets Normal harmonlcs
3 058 | -0.17 0.30 1.87 | 047 0.27 5 o0.10 | After Shim
4 011 | .121®] o0.02 0.56 | 023 0.17
5 0.18 | 0.05 0.12 040 | 0.13 0.16
o T 208 Tous® | oso® | 037 [ oo | 007 << Plots for RMS errors.
7 0.01 0.02 0.01 0.09 | 025 0.24 . .
8 | -025 | 011 | -014 | 005 | 0.09 0.08 0.01 ‘ ‘ ‘ ‘ ‘ ‘ ‘ > The Mean error in harmonics
9 0.02 | -0.02 0.01 0.03 | 0.02 0.04 . ‘ ‘ ‘ ‘ ‘ ‘ ‘ .

3 4 5 6 7 8 9 10 1

10 | 010 032 | 02 | 007 | 0.03 0.03 y — 1S generally lower.
1 0.00 | 0.00 0.01 001 | 0.02 0.02 armonic Number

@ Non-zero mean to account for warm-cold difference and saturation. 1.00 NOte: BOth Mean and RMS

® Non-zero mean to account for lead end effects. ’ ° 5

Before Shim errors are a few parts in 10~
<ap> (n=3:Sextupole) o (an)

n | No Shims[Shims (W)[Shims (5kA)| No Shims [Shims (W)[Shims (5kA)

17 Magnets|10 Magnets| 8 Magnets |17 M ts(10 8 Mag
3 124 | -0.18 0.09 1.67 | 0.56 0.50 < 0410 4 ) .

o U Al h

4 | 038 | 004 | 001 | 088 | 027 | 026 fter Shim Skew harmonics
5 0.02 [ 0.00 0.06 030 | o0.14 0.15
6 021 | 007 | -013 0.12 | 0.05 0.04
7 0.0l | 0.05 0.02 0.14 | 027 0.16
3 0.01 | -0.01 0.00 0.0 | o012 0.13
9 0.01 0.01 0.02 0.04 | 0.04 0.06 0.01 ‘ ‘ ‘ ‘ ‘ ‘ ‘ !
10 0.05 | 0.05 0.05 0.01 0.02 0.02 3 4 5 6 7 8 9 10 N
11 0.01 0.01 0.02 0.01 0.02 0.03 Harmonic Number
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SUMMARY

Superconducting
Magnet Division

A flexible design approach allows efficient adjustments in the design.

This also permits a strong interaction between accelerator physicists
and magnet scientists during the course of magnet manufacturing.

* Reasonable variations in parts accommodated
* Tolerances 1n parts reduced
* A good field quality in magnet assured

Tuning shim allows significant improvement in field quality in
accelerator magnets over what can be typically expected from normal
tolerances in parts and manufacturing. Tuning shims may improve the
ultimate luminosity performance of the machine.
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